We employed an electroless deposition technique to prepare Ni seeds uniformly on a carbon cloth, followed by carbon nanotube ͑CNT͒ formation at an elevated temperature. Subsequently, a pulse electrodeposition was used to impregnate PtRu nanoparticles on the CNT structure. Similar procedures were performed on carbon supports including Vulcan XC72R, BP2000, and carbon nanocapsules ͑CNCs͒ for comparison purposes. Diffraction patterns from an X-ray confirmed a PtRu alloyed phase. An analysis from inductively coupled plasma-mass spectrometry indicated that the PtRu composition was relatively unchanged. Images from scanning and transmission electron microscopes revealed dense CNTs throughout the carbon cloth with nanoparticulate PtRu evenly impregnated. Considerable PtRu aggregations were found on the CNCs and BP2000. We observed a significantly improved coulomb efficiency and an electrochemically active surface area for the CNT-grown carbon cloth. In both apparent current density and mass activity for methanol electro-oxidation, the CNT-grown carbon cloth revealed the largest values. We attribute the performance enhancement to the large-area CNT structure that allowed facile access of electrolytes. The development of direct methanol fuel cells ͑DMFCs͒ has recently received considerable attention for their potential applications in transportation and portable electronics.
The development of direct methanol fuel cells ͑DMFCs͒ has recently received considerable attention for their potential applications in transportation and portable electronics. 1, 2 Due to the CO poisoning in methanol dehydrogenation, electrocatalysts such as PtRu are used to improve the DMFCs efficiency. 3, 4 Responsible mechanisms for methanol electro-oxidation, including bifunctional model and ligand effect, are proposed. 5, 6 The bifunctional model involves a synergistic mechanism in which a partially oxidized surface Ru provides the oxygenated species to oxidize the poisoning intermediates to CO 2 . The ligand effect describes the alteration of the electronic structure in Pt caused by nearby Ru atoms. Instead of directly deposited on an electrode structure, the PtRus are prepared as nanoparticles and impregnated on carbonaceous materials to obtain better distribution, size, and utilization rate. The conventional selection criteria for carbon supports are large surface area, reasonable electrical conductivity, and acceptable corrosion resistance.
Many types of carbonaceous materials are investigated as electrocatalyst supports. 7 For instance, extensive reports cover carbon blacks, mesoporous carbons, and nanostructured carbons with impressive results. [8] [9] [10] [11] [12] [13] In particular, the nanostructured carbons demonstrate promising characteristics because their unique morphologies and shapes often lead to synergistic effects when electrocatalysts are deposited. To date, a wide variety of nanostructured carbons, such as carbon nanotubes ͑CNTs͒, carbon nanocapsules ͑CNCs͒, and carbon nanofibers, have been synthesized and evaluated for DMFCs. [14] [15] [16] [17] [18] Among them, CNTs have been investigated extensively as catalyst supports for DMFCs and polymer electrolyte fuel cells for both anodes and cathodes. [19] [20] [21] [22] [23] [24] It is recognized that the CNTs demonstrate superb characteristics over conventional carbon blacks in surface structure, mechanical and thermal properties, electrical conductivity, and surface area. Moreover, due to their filamentous morphology, electrodes made of CNTs reveal a desirable porosity for facile access of electrolyte and gaseous reactants. 16 Typical fabrication schemes for the CNT-based DMFC electrodes involve preparations of PtRu nanoparticles on the CNTs via a chemical route, followed by a physical transfer to a carbon cloth. 25 Because the transfer process deposits the catalyzed-CNTs exclusively on the carbon cloth surface, the resulting catalyst utilization rate is rather limited. 26 To obtain better catalyst efficiency, an alternative approach is to synthesize the CNTs directly on the carbon cloth, followed by electrodepositions of PtRu on the CNTs. This method is expected to produce significant improvements if the CNTs could be distributed uniformly throughout the carbon cloth. One embodiment of this method was demonstrated recently by Tsai et al., in which an evaporation method was employed to prepare Ni nuclei for CNT growth, followed by a potentiostatic deposition to grow PtRu on the CNTs. 27 However, we realize that because of a possible shadowing effect in the evaporation step, the CNTs were grown preferentially on the exterior surface of the carbon cloth. Therefore, further enhancement is likely if the CNTs seeding could be implanted underneath the carbon cloth.
In this work, we adopted an electroless deposition technique to prepare the Ni seeds uniformly throughout the carbon cloth, followed by CNT formation at an elevated temperature. Subsequently, a galvanostatic pulse deposition was conducted to deposit PtRu on the CNT-grown carbon cloth. Materials and electrochemical characterizations were carried out for methanol electro-oxidation studies.
Experimental
The CNTs were formed on a Teflon-free type-A carbon cloth from E-TEK pretreated by an electroless deposition of Ni as the catalytic seeds. First, the carbon cloth ͑2 ϫ 6 cm͒ was washed in 5 M HNO 3 for 30 min at 60°C to render a hydrophilic surface. Next, in a sensitization step, the carbon cloth was immersed in a solution containing 0.3 wt % SnCl 2 and 2.5 wt % HCl for 5 min to ensure adequate adsorption of Sn 2+ . Afterward, the sample was dipped into an activation solution containing 0.1 wt % PdCl 2 and 1 wt % HCl for 3 min, allowing spontaneous oxidation of Sn 2+ to Sn 4+ and reduction of Pd 2+ to Pd to take place. Then, the activated carbon cloth was submerged in a Ni plating bath ͑approximately pH 6͒ consisting of NiSO 4 ͑20 g/L͒ and NaH 2 PO 2 ͑27 g/L͒ at 75°C for 30 s. Upon completion, the sample was thoroughly rinsed with deionized water and alcohol and dried for 10 min.
Before the formation of CNTs, the Ni-decorated carbon cloth underwent a reduction treatment at 600°C for 10 min in mixed gases of H 2 and Ar. Subsequently, C 2 H 4 was introduced for another 12 min for CNT synthesis. The flow rates for Ar, H 2 , and C 2 H 4 were 450, 50, and 25 mL/min, respectively. After the CNT formation, the net weight increment was 20 mg/cm 2 . To deposit the PtRu nanoparticles by pulse electrodeposition, the CNT-grown carbon cloth was cut into three pieces 2 ϫ 2 cm each and was inserted into a homemade sample holder that exhibited a circular opening of 1 cm 2 exposed to the electrolyte. Next, the sample was immersed in a 0.5 M H 2 SO 4 solution for 5 min to prepare a hydrophilic surface. The galvanostatic pulse deposition of PtRu was performed by BaSyTec at 26°C with a plating bath including H 2 PtCl 6 ͑99.9 wt %͒, RuCl 3 ͑99.9 w t%͒, NaNO 2 ͑97 wt %͒, and H 2 SO 4 ͑97 wt %͒. Their concentrations were 0.005, 0.005, 0.05, and 0.25 M, respectively. The parameters employed were current on time ͑T on , 50 ms͒, current density ͑50 mA/cm 2 ͒, current off time ͑T off , 100 ms͒, and total coulomb charge ͑8 C͒. A Pt foil ͑10 cm 2 ͒ was used as the counter electrode, and the distance between the working and counter electrodes was 3.5 cm. The current density and coulomb charge were based on the geometric area of the working electrode exposed to the electrolyte ͑1 cm 2 ͒. Electrochemical characterizations were carried out under N 2 atmosphere at 26°C using a Solartron SI 1287 potentiostat. A threeelectrode arrangement was adopted where the Pt foil ͑10 cm 2 ͒ and the Ag/AgCl were used as the counter and reference electrodes, respectively. The area for the working electrode was the geometric area exposed to the electrolyte ͑1 cm 2 ͒. To determine the electrochemically active surface area ͑ESA͒, cyclic voltammetric ͑CV͒ scans in 0.5 M H 2 SO 4 were conducted for −0.2 to 0.7 V at 20 mV/s. For methanol electro-oxidation, the cyclic voltammetries were performed in a mixed solution of 0.5 M H 2 SO 4 and 1 M CH 3 OH for −0.2 to 0.9 V at 20 mV/s. X-ray diffraction ͑XRD; Siemens D5000͒ with a K␣ of 1.54 Å was used to identify the relevant phase of the PtRu nanoparticles. A transmission electron microscope ͑TEM; Philips Tecnai-20͒ was adopted to observe their morphologies and distributions on carbon supports. The loadings and molar ratios for the PtRu nanoparticles were determined by inductively coupled plasma-mass spectrometry ͑ICP-MS; SCIEX ELAN 5000͒. The surface area of the CNTs was obtained by careful removal of the deposits from the carbon cloth and was analyzed using the Brunauer, Emmett, and Teller method ͑BET͒ ͑Micromeritics Tristar 3000͒. The electrical resistivity of the CNT-grown carbon cloth was measured by a four-point probe ͑Kei-thley 2000͒.
For comparison purposes, identical PtRu electrodepositions and electrochemical analysis were performed on carbon cloths precoated with Vulcan XC72R ͑XC72R͒, BP2000, and CNCs. The preparation method entailed an ultrasonic mixing of 5 mg Nafion and 5 mL C 2 H 5 OH for 30 min, followed by the addition of 8 mg of carbons for another ultrasonication of 60 min. The carbon dispersion was then brush-painted on the carbon cloth ͑2 ϫ 2 cm͒ with a resulting carbon loading in 2 mg/cm 2 .
Results and Discussion
Electroless Ni deposition plays a critical role over subsequent CNT synthesis because the growth of CNTs is influenced greatly by the distribution and the size of the Ni seeds. From our observations, excess Ni seeds engendered overgrowths of CNTs that resulted in structural instability. Inadequate Ni seeds produced insufficient CNT coverage. After repeated tries, we determined the optimized parameters to prepare a suitable amount of Ni on the carbon cloth. The resulting Ni seeds contained 5 wt % of P. The 5 wt % of P was a codeposit from the electroless Ni bath because the NaH 2 PO 2 was used as the reducing agent. Figure 1 demonstrates the scanning electron microscope ͑SEM͒ images of the CNT-grown carbon cloth with selective areas enlarged for better contrast. As shown in Fig. 1a , the thickness for the sample became 500-600 m, which was increased from the untreated carbon cloth of 350 m. The structure was mostly intact with interwoven carbon fibers clearly visible. Figure 1b and c exhibits the formation of CNTs on the interior area. The CNTs were grown in large areas on the carbon fibers with adequate spaces in between. The diameter for the untreated carbon fiber was 10 m. After CNT formation, its diameter increased significantly. According to Reshetenko et al., 16 this filamentous morphology is conductive to electrolyte access that we believe could lead to better PtRu deposition.
To fairly evaluate the prospects of CNT as a catalyst support, we selected the XC72R, CNCs, and BP 2000 for PtRu electrodepositions. The XC72R and BP2000 are often used as the electrode materials with established properties. 28, 29 The CNCs, synthesized by a flame combustion method, have demonstrated notable potentials. [30] [31] [32] Table I provides the results from material characterizations on the carbon supports under study. The CNTs revealed a surface area of 508 m 2 /g, which was larger than those of XC72R and CNCs. In electrical resistivity, coating of carbon supports produced a reduced value compared to the untreated carbon cloth. Figure 2 presents the XRD patterns for the PtRu nanoparticles deposited on carbon cloths coated with XC72R, CNCs, BP2000, and CNTs, respectively. Due to interference from the carbon cloth and carbon supports, moderate noises in diffraction signals were evident. However, there existed several diffraction peaks, and their responsible planes were labeled accordingly. The signals from those of Pt revealed a face-centered cubic phase, with the peak positions slightly shifted to larger angles. This indicates that the Ru was alloyed in the Pt lattice because a smaller Ru atom leads to the reduc- 
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The TEM pictures for the PtRu nanoparticles on various carbon supports are exhibited in Fig. 3 . These images were also analyzed to determine the average PtRu sizes ͑listed in Table I͒ . We obtained uniform distributions of PtRu on XC72R and CNTs. In contrast, considerable aggregations were observed on the CNCs and BP2000. Because the CNCs and BP2000 consisted of relatively small carbon particles, we surmise that during electrodeposition, electrolyte transport into the micropores between these carbon particles was possibly interrupted. As a result, the formation of PtRu was confined on selective surface areas with electrolyte access. Electrolyte transport in XC72R and CNTs were not expected to be an issue because their sizes were larger, which allowed facile replenishments of Pt and Ru cations.
More details on the PtRu growth in various carbon supports can be obtained by analyzing their potential variations during galvanostatic pulse depositions. Figure 4a displays a representative potential profile of CNTs for both T on and T off . Apparently, both potential values exhibited a slow decline initially and became stabilized after 160 s. Potential reading at T on represented the deposition voltage required for the PtRu nucleation and growth. In contrast, the potential value at T off indicated the open-circuit voltage reflecting the surface state of the sample. Because the potential values fluctuated between T on and T off , we believe that their difference ͑⌬͒ is the indicator for the overpotential during PtRu depositions. Therefore, a desirable carbon support is expected to reveal a smaller overpotential and a larger coulomb efficiency. In Fig. 4b , we provide overpotential variations ͑⌬͒ in the CNTs and carbon supports of XC72R, CNCs, and BP2000. Clearly, the CNTs demonstrated the smallest ⌬, while the XC72R exhibited the largest one. This suggested that the PtRu nanoparticles were relatively easier to form on the CNTgrown carbon cloth.
Variations in the PtRu molar ratios and coulomb efficiencies are shown in Fig. 5 . The compositions for the PtRu nanoparticles were rather consistent, with the Pt ratio varied between 82 and 77 atom %. Pt enrichments in the PtRu were commonly encountered during electrodepositions because the redox potential of Pt was more positive than that of Ru. 33, 34 The coulomb efficiency can be determined using faradaic law by taking into account the deposited PtRu weight vs the theoretic one assuming 100% conversion. The estimated efficiencies for the XC72R, CNCs, BP2000, and CNTs were 2.7, 3.7, 10.1, and 29.7%, respectively. The conventional pulse electrodeposition suffers from reduced coulomb efficiency because inherent hydrogen reduction occurs favorably on the Pt surface. 35 Therefore, those reduced coulomb efficiencies for the XC72R, CNCs, and BP2000 were not unexpected. The moderate improvement of BP2000 over those of XC72R and CNCs was attributed to its larger surface area, which provides more active sites for PtRu nucleation and growth. However, the 29.7% efficiency on the CNTs was remarkable. This value is the highest reported so far. We realize that after proper seeding of Ni, the CNT growth on the carbon cloth was uniformly distributed for both surface and interior. Sufficient spac- ing between the CNTs facilitated percolation of plating electrolyte, which favored PtRu deposition over H 2 formation. Our argument can be confirmed by the SEM images, shown in Fig. 6 , for the PtRu deposited on the CNT-grown carbon cloth. An individual CNTs was impregnated with PtRu evenly. Moreover, Fig. 4b also confirmed the superiority of the CNT-grown carbon cloth for the PtRu deposition. The determination of the catalyst loading ͑listed in Table II͒ revealed a significant difference contingent on the carbon supports. The loading on the CNTs exhibited the highest value of 1.139 mg/cm 2 . In contrast, the value on the XC72R showed the lowest amount of 0.103 mg/cm 2 . Except the CNTs, the PtRu loadings were proportional to the surface area of the carbon materials. Table II . Loading of PtRu and Pt as well as electrochemical parameters from CV curves in apparent current density and mass activity of PtRu nanoparticles deposited on carbon supports.
Loading
Forward scan Backward scan 
B42

Journal of The Electrochemical Society, 157 ͑1͒ B39-B44 ͑2010͒ B42
Because the CNTs were grown directly on the carbon cloth to form a dense three-dimensional structure, some of the CNTs might not be as accessible to the electrolyte as others. Nevertheless, the current efficiency of the CNTs was still significantly higher than those of XC72R, CNCs, and BP2000. Figure 7 presents the ESA of PtRu on various carbon supports. These values were obtained by the integrated charge in the hydrogen adsorption region using methods established by Navessin et al. and Liu et al. 36, 37 In general, the ESA is proportional to the Pt surface available for hydrogen adsorption and desorption. Hence, a larger ESA indicates a higher activity for methanol dehydrogenation. The estimated ESAs for XC72R and BP2000 were 8.57 and 176.54 cm 2 ,
respectively. The ESA for the CNTs was 316.78 cm 2 . This amounts to a 3700% improvement as opposed to XC72R. However, the PtRuloading on the CNTs was only 1100% over that of XC72R. Our ESA results suggested a significantly enhanced utilization rate of Pt on the CNT support. Figure 8 demonstrates the CV curves on methanol electrooxidation in apparent current densities ͑mA/cm 2 ͒ and mass activities ͑mA/mg͒. Clearly, current responses from forward and backward scans appeared. Relevant information, including the peak potentials, peak current densities, and peak mass activities, are listed in Table II . As shown in Fig. 8a , the order in apparent current density was CNTs, BP2000, CNCs, and XC72R. This sequence agreed well with that of ESA, indicating that a larger ESA contributed to a higher catalytic activity. Moreover, the peak potentials in forward scans shift slightly to higher values with increasing ESA. Figure 8b exhibits the profiles for mass activities. Similarly, the order for mass activities followed what was observed in apparent currents; CNTs, BP2000, CNCs, and XC72R. The results indicated that the growth of CNTs was conductive to effective use of catalyst particles. Figure 9 provides a schematic diagram to illustrate the underlying rationale for the moderate mass activity improvement from the PtRu nanoparticles on the CNTs compared to those of XC72R, 
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CNCs, and BP2000. In the CNT scenario, an electroless-derived Ni seeding ensures the growth of large-area CNTs throughout the carbon cloth with sufficient space in between. This allows for desirable electrolyte percolation that not only facilitates better PtRu electrodepositions but also promotes a larger catalytic activity for methanol electro-oxidation. In contrast, for the remaining carbon supports, the PtRu nanoparticles were deposited mostly on the carbon surface because of the physical transfer involved. Hence, a reduced ESA and catalyst utilization rate were expected. Our results confirmed the advantage of using an electroless deposition approach to prepare proper Ni seeding for a large-area CNT growth. With a desirable CNT formation, a significant enhancement for methanol electro-oxidation can be obtained.
Conclusion
Large-area CNTs were formed throughout the carbon cloth pretreated with electroless-derived Ni seeds. Subsequently, a pulse electrodeposition was employed to fabricate PtRu nanoparticles on the CNT structure. Similar procedures were carried out on XC72R, CNCs, and BP2000. SEM and TEM images indicated that the growth of CNTs took place uniformly with PtRu evenly impregnated. In contrast, considerable PtRu aggregations were found on the CNCs and BP2000. The composition of PtRu was relatively unchanged among these samples. However, we observed significantly improved coulomb efficiency, PtRu loading, and ESA on the CNT-grown carbon cloth. In both apparent current density and mass activity for methanol electro-oxidation, the CNT-grown carbon cloth revealed the largest values. The observed enhancement was attributed to the desirable CNT structure that allowed facile access of electrolyte.
